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Abstract  

CuO-Cu2O hybrid materials were developed through a simple single-step thermal oxidation process of copper plates. 

Copper substrates were annealed at a temperature range of 300 to 700 °C. To investigate the temperature-driven transitions 

in oxide composition, crystallography, and photonic response, various analytical techniques were employed. X-ray 

diffraction (XRD) confirmed the progressive transformation, accompanied by changes in phase fraction and structural 

modification. Fourier-transform infrared spectroscopy (FT-IR) and photoluminescence (PL) identified vibrational and 

emission features associated with bonding and oxide defect states, respectively. UV-Vis spectroscopy revealed a tunable 

bandgap between 2.60 and 2.55 eV, influenced by phase composition. Improved optical functions were observed at 

different heating temperatures. In this study, the thermal oxidation of a copper plate is proposed as a scalable strategy for 

phase-controlled oxide synthesis, suggesting that the synthesized CuO-Cu2O hybrids are considered for application in 

opto-related technology. 

 

Keywords: Phase transition, CuO-Cu2O heterostructures, Phase-controlled synthesis, Thermal oxidation, Tunable optical 
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Introduction 

Copper oxides, especially cuprous oxide (Cu2O) 

and cupric oxide (CuO), are promising semiconductors 

due to their distinctive physicochemical properties, eco-

friendliness, and wide-ranging uses in photovoltaics, 

photocatalysis, optoelectronics, and sensors. Cu2O has a 

direct bandgap ranging from 2.0 to 2.6 eV, while CuO 

features an indirect and narrower bandgap between 1.2 

and 1.9 eV, both of which support strong visible-light 

absorption and electronic functionality [1,2]. 

Importantly, combining Cu2O and CuO into a single 

structure creates a p-p heterojunction, which promotes 

improved charge separation and enhances the movement 

of photogenerated carriers over a broader spectral range 

[3]. Various synthesis techniques, including 

precipitation [4], electrodeposition [5], and sputtering  

 

[6], have been employed. These methods involve multi-

step procedures, toxic reagents, or limitations in 

scalability. On the other hand, thermal oxidation of 

copper substrates offers a facile, scalable, and cost-

effective route to directly produce Cu-based oxide films. 

This method eliminates the need for precursor chemicals 

and can be precisely controlled through annealing 

parameters to yield desired oxide phases [7]. 

Following the previous reports, Cu/CuO/Cu2O 

heterostructures have been recognized for their potential 

in photocatalytic and optoelectronic applications, owing 

to improved charge carrier dynamics resulting from 

bandgap alignment at the oxide-metal interface [8]. This 

solution-based hydrothermal route involves organic 

reducing agents and produces Cu-dominated 
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nanoparticles with partial oxidation, resulting in limited 

phase control. Considering oxidation preparation, the 

prior studies have demonstrated that oxidation 

temperature plays a crucial role in determining the phase 

composition, microstructure, and functional features of 

copper oxide films. As observed in the reports, oxidation 

at around 200 °C can generate Cu2O, while temperatures 

above 300 °C tend to produce CuO. Nonetheless, 

intermediate or mixed-phase states are influenced by 

substrate type, oxygen diffusion, and heating conditions 

[9,10]. High-crystallinity pure CuO is produced at 

temperatures of 1,000 °C, especially when oxidized in 

an oxygen-rich environment [11]. Therefore, the CuO-

Cu2O hybrid with a tunable phase ratio can be produced 

by adjusting the heating temperature below 1,000 °C. 

The thermal oxidation strategy introduces a single step 

that enables direct phase control on bulk copper 

substrates without the chemical precursors. This method 

offers tunable phase ratios of CuO-Cu2O and crystalline 

improvements. These factors correlate with optical 

properties for light-matter interaction. To the best of our 

knowledge, few studies have examined diffusion-

limited oxidation pathways and their impact on the 

optical properties of CuO-Cu2O hybrid. 

Due to the advantages, this work lies in its scalable 

and integrative approach, which employs simple 

thermal oxidation of copper plates. The study aims to 

address that knowledge gap by examining the thermal 

oxidation of copper plates at different annealing 

temperatures. Also, the phase transition from metallic 

Cu to Cu2O and CuO was investigated, showing that the 

various oxidation conditions affect crystallographic 

properties, optical constants, defect formation, and 

interfacial features. The attention is given to identifying 

the conditions that lead to the formation of CuO-Cu2O 

composites and their implications for light-matter 

interactions. The optical properties, including bandgap 

energies, photoluminescence, extinction coefficients, 

skin depth, and optical density, were correlated with 

XRD-derived crystallite sizes, lattice parameters, and 

microstrain to understand structure-property 

relationships. Notably, the continued presence of Cu2O 

at high oxidation temperatures, contrary to traditional 

expectations, was attributed to diffusion-limited 

oxidation. These mechanisms are rarely studied in detail 

on bulk copper substrates.  The microstructural changes 

introduce the tailoring of the opto-electronic properties 

of copper oxide. This understanding involves materials 

characterization and aids in designing copper-based 

oxide systems for practical technological applications. 

 

Materials and methods 

Materials synthesis 

To synthesize CuO-Cu2O materials, thermal 

oxidation was performed by heating at 300, 500, and   

700 °C with a 5 °C/min heating rate for 2 h and ground 

to the ambient temperature with a natural cooling rate. 

The oxidation duration of 2 h and ambient pressure are 

maintained constant to emphasize the impact of 

temperature on phase transformation. The decided 

conditions were considered based on complete CuO-

Cu2O formation. Previous reports indicate that at 

temperatures approximately 750 °C, Cu-based oxides 

undergo grain coarsening and oxygen loss [12]. Thus, 

this study limits the heating temperature to 700 °C.  

Before the oxidation process, copper plates with 

dimensions of 10×45×0.5 mm3 were prepared and then 

immersed in a 2% v/v nitric acid solution for 30 min. 

The treated Cu plates were rinsed in absolute ethanol 

and DI water several times. Surface morphology and 

EDX spectra with 100 at% Cu are shown in Figures 1(a) 

and 1(b), respectively. The samples prepared at heating 

temperatures of 300, 500, and 700 °C were designated 

as 300Cu, 500Cu, and 700Cu, respectively. 

 

 

 

   

 

 

 

 



Trends Sci. 2026; 23(5): 11806   3 of 17 

 

 Figure 1 The prepared Cu plate: (a) SEM image and (b) EDX spectra. 

 

Characterization 

 Phase analysis was performed using X-ray 

diffraction (XRD) with Cu Kα radiation (λ = 1.54178 

Å), measuring a 2θ range from 20° to 80°, and fitted with 

the database of the Joint Committee on Powder 

Diffraction Standards (JCPDS). The morphology of the 

synthesized powders was examined using scanning 

electron microscopy (SEM) (JEOL, JCM-7000 

NeoScopeTM) with the energy-dispersive X-ray 

spectroscopy (EDX) analysis. Fourier transform 

infrared spectroscopy (FTIR) (Thermo Scientific, 

Nicolet 6700) was used to analyze structural bonding 

vibrations within the 400 - 4,000 cm–1 spectral range. 

Optical properties were examined using a UV-Vis 

spectrophotometer (Jasco, V-503), measuring 

wavelengths from 400 to 800 nm. The intrinsic defects 

were identified using a photoluminescence spectrometer 

(PL) (Jasco, FP-8500) with an excitation wavelength of 

369 nm at room temperature.  

 

Results and discussion 

The thermal oxidation of copper plates occurs 

through a clearly defined sequence of phase transitions, 

affected         by the annealing temperature and oxygen 

diffusion dynamics. The oxidation pathway follows this 

progression: Cu (metal) → Cu2O → CuO. Prior 

literature observations confirm that at low temperatures 

(~150 - 250 °C), the surface of the copper plate 

experiences partial oxidation, resulting in the formation 

of cuprous oxide (Cu2O), which exhibits characteristic 

peaks associated with its cubic crystal structure. As the 

temperature rises to approximately 250 - 350 °C, a 

second oxidation step takes place, during which Cu+ in 

Cu2O is further oxidized to Cu2+, resulting in the 

formation of monoclinic cupric oxide (CuO) via an 

oxygen-enriched, diffusion-controlled process 

mechanism. The oxidation process was elucidated 

through Eqs. (1) - (2) [9,13,14]. 

 

2Cu + 1/2O2 → Cu2O               (1) 

 

Cu2O + 1/2O2 → 2CuO               (2) 

 

This sequential transformation was reported to be 

the calcination-induced phase transition of Cu2O into 

CuO. A Cu2O-CuO composite was observed when the 

oxidation temperature was carefully controlled [13].  

The migration of Cu+ ions and O2
− ions was determined 

by transient X-ray absorption studies, showing the 

Cu(I):O2 to Cu(II):O2
− transition during dioxygen 

binding in oxidation pathways [9]. These changes in 

oxidation state indicate electron transfer from copper to 

oxygen and are essential for phase evolution. 

Additionally, thermal stress and structural deformation 

cause deformation and cracking in copper-based 

composites, leading to oxidation during annealing 

driven by differential expansion and stresses associated 

with oxide growth [10].  

As shown in Figure 2, the XRD diffractogram of 

copper substrates oxidized at annealing temperatures of 

300, 500 and 700 °C. The diffraction peaks were 

identified according to the standard JCPDS files, 

indicating the presence of Cu (No. 01-1242), Cu2O (No. 

05-0667), and CuO (No. 05-0661). The phase evolution 

illustrates the thermally induced transformation from 

metallic copper to a mixture of Cu2O and CuO. For 

300Cu, the XRD pattern reveals dominant peaks at 2θ ≈ 

43.3° and 50.4°, indicating the presence of residual 

unoxidized copper, corresponding to the (111) and (200) 

planes. Emerging Cu2O peaks at 36.5° and 42.3°, 

interpreted as (111) and (200) planes. The minority 

phase of CuO was observed at 35.5° and 38.7°, 

indicating partial oxidation forming from Cu2O to CuO 

growth. The observed phases confirm the presence of a 

phase transition at low temperatures. At a higher 

5 μm 

(a) 
(b) 
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annealing temperature of 500 °C (500Cu), the Cu peaks 

disappear, indicating complete oxidation of the metallic 

substrate. Cu2O is found with the most significant 

increase.  The CuO phase with a minor phase appears at 

2θ values of 32.5°, 35.5°, 38.7°, and 48.7°, 

corresponding to the (110), (−111), (111), and (–202) 

planes of monoclinic CuO. This indicates that 

heterojunction formation occurred in the CuO-Cu2O 

system, consistent with the report by Chang et al. [13]. 

As observed in the 700Cu, the sharpness and increased 

intensity of CuO-Cu2O peaks indicate improved 

crystallinity with temperature. Due to Cu2O as a 

prominent phase, the finding does not agree with the 

previous study of Cu plate oxidation, which reveals CuO 

formation at 350 °C. Nevertheless, the formation of 

Cu2O at heating temperatures exceeding 700 °C has 

been reported.  Diffusion-limited oxidation kinetics lead 

to the formation of a bilayer structure of outer CuO and 

inner Cu2O phases [13]. Additionally, CuO can be 

transformed into Cu2O at higher temperatures [9]. 

Moreover, the presence of Cu2O in thick oxide layers 

formed at high temperatures is significant, as gas 

exchange is restricted due to phase equilibrium [10]. As 

mentioned above, the oxidation process is affected by 

the diffusion of oxygen and copper, which is crucial for 

the growth of oxide layers and the conversion of CuO 

into Cu2O. The presence of oxygen vacancies and their 

migration play a role in the phase transformation, as 

observed in the decomposition of CuO into Cu2O [15]. 

The phase composition of the synthesized 

materials was determined using the Rietveld method 

[16] with the MAUD software package [17]. 

Crystallographic Information Files (CIFs) 

corresponding to their space groups were sourced from 

the Crystallography Open Database (COD): 

NO.9005769 for cubic Cu with the space group Fm3m, 

NO.9005716 for Cu2O with a cubic structure (space 

group Pn-3m), and NO.1011148 for monoclinic CuO 

with the space group C2/c.   Table 1 presents the phase 

composition and lattice constants of samples annealed at 

300, 500 and 700 °C. The data reveal a temperature-

driven oxidation trend, characterized by distinct 

transitions in the content of Cu, Cu2O, and CuO. The 

phase composition of 300Cu reveals that copper 

dominates (98.88 wt%), with traces of Cu2O and CuO, 

indicating initial surface oxidation. The phase fraction 

of the 500Cu shows 71.05 wt% for Cu2O and 28.95 wt% 

for CuO. The CuO lattice exhibits a slight contraction, 

particularly along the b-axis, indicating enhanced 

crystallinity and phase maturity under thermal 

activation, similar to that observed in reconstructed CuO 

in solvothermal systems [18]. As observed in 700Cu, 

Cu2O remains the dominant phase (68.22 wt%). Despite 

the decreasing phase fraction, this finding confirms that 

phase persistence results from diffusion-limited 

oxidation and kinetic trapping. These findings support 

an oxidation pathway that is influenced by thermal 

dynamics, oxygen availability, and lattice relaxation 

processes. 

As a result of thermal-induced oxidation, the 

temperature-dependent changes in lattice parameters for 

Cu2O and CuO exhibit a 2-step trend. An initial decrease 

occurs as the heating temperature increases to 500 °C. 

On the contrary, the lattice quantity exhibits an 

increasing trend up to a temperature of 700 °C. This 

behavior reflects the complex interaction between 

oxidation-induced strain, defect dynamics, and thermal 

relaxation processes. Increasing thermal activation from 

300 to 500 °C, the observed reduction in lattice 

parameters is ascribed to oxidation-induced 

compressive stress and structural densification. As 

oxide layers form on copper, interfacial strain increases, 

limiting atomic spacing. Additionally, crystallization 

and defect reduction at 500 °C promote denser atomic 

packing, resulting in a smaller unit cell size [19]. At an 

annealing temperature of 700 °C, the lattice parameters 

are close to the database values. This expansion arises 

from thermal relaxation of accumulated stress, increased 

oxygen content, and thermally induced lattice 

vibrations, which facilitate structural re-equilibration 

and lattice expansion at elevated temperatures [11]. This 

2-phase trend emphasizes the role of temperature not 

only in phase transformation but also in modulating 

oxide crystallography and defect accommodation. 

The statistical parameters, including the reliability 

factor of the expected weight profile (Rexp), and the 

goodness of fit (Sig), were assessed after the refinement 

cycle. The value around 1 indicates a satisfactory fit 

[20]. Nevertheless, a higher parameter value was 

frequently reported due to the high-precision system 

[21].  The peak fitting results from the Rietveld 

refinement are depicted in Figure 3. 
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Figure 2 XRD patterns of as-synthesized powders. 

 

To further understand the thermal-induced phase 

transition and crystallography, the crystallite size and 

residual strain were calculated using XRD data. The 

Williamson-Hall (W-H) method, which enhances the 

analysis by incorporating the micro-strain factor into the 

equation, was employed to determine these quantities, 

as follows [22]: 

 

Βcosθ = (kλ/D) + εsinθ                (3) 

      

Given that ε represents the micro-strain within the 

crystal lattice. The relationship can be approximated to 

determine crystallite size and micro-strain by utilizing 

the slope of the linear equation and the y-intercept. The 

W-H plot is elucidated in Figure 4, separating phase 

approximation, and the calculated values are presented 

in Table 1.  

The crystallite size and microstrain of Cu2O and 

CuO phases demonstrate an inverse relationship. The 

crystallite sizes of the 300Cu, 500Cu, and 700Cu 

samples are 188.36, 138.76, and 133.42 nm for Cu2O, 

and 4.43, 31.11, and 52.56 nm for CuO. The microstrain 

values are 0.0408, 0.0115, and 0.0073 for the Cu2O 

phase, and 0.1239, 0.0135, and 0.0112 for the CuO 

phase. Larger crystallite sizes are consistently correlated 

with diminished microstrain. This phenomenon is 

typical of metal oxide systems, wherein grain growth 

diminishes lattice imperfections and internal stress. This 

relationship illustrates the fundamental balance between 

grain boundary density and lattice distortion during 

thermal oxidation, where lattice distortion obstructs 

crystal growth. As found in 300Cu, oxide phases exhibit 

small crystallites and high microstrain, indicating early-

stage nucleation under stress. At a higher heat treatment 

temperature of 500 °C, grains fuse and expand, resulting 

in reduced strain through partial relaxation. This is 

evidenced by decreased lattice parameters, which 

suggest a denser and less defective structure [23]. 

The most significant change occurs at the 700 Cu, 

both Cu2O and CuO crystallites reach their largest size, 

and microstrain reaches the minimum. This sample 

demonstrates a highly ordered, stress-relieved structure 

indicative of phase stabilization. The increase in lattice 

constants reflects thermal re-equilibration rather than 

defect-induced expansion, supporting the notion that 

high-temperature annealing influences oxide quality 

[24]. This trend confirms that increasing crystallite size 

and strain relaxation directly accompany the thermally 

induced phase transition, consistent with XRD results 

and oxidation pathway studies. 
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Figure 3 The peak fitting results from the Rietveld refinement of (a) 300Cu, (b) 500Cu, and (c) 700Cu. 

(a) 

(b) 

(c) 
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Figure 4 Williamson-Hall plot to approximate the crystallite size and microstrain of the emerging phase of Cu, CuO, and 

Cu2O: (a) - (c) 300Cu, (d), (e) 500Cu, and (f), (g) 700Cu. 

 

Table 1 The phase composition, lattice constants, crystallite size, and microstrain of as-synthesized materials. 

*Lattice constants from JCPDS database, No. 05-0667 for Cu2O showing 4.2696 Å and No. 05-0661 for CuO with a = 

4.6840 Å, b = 3.4250 Å, and c = 5.1290 Å.  
 

 

 

 

 

 

 

 

The FT-IR spectra of thermally oxidized Cu 

substrates at 300, 500 and 700 °C are shown in Figure 

5. All spectra exhibit characteristic vibrations related to 

copper oxides, confirming phase formation and 

structural bonding. The broad absorption at 3,647 cm−1 

observed in all samples corresponds to the O-H 

Samples Phases (wt%) 

Lattice Constants (Å) 
Sig 

(%) 

Rexp 

(%) 

Crystallite Size 

(nm) 

(W-H plot) 

Microstrain 

(W-H plot) a b c 

300Cu 
 

Cu (98.88) 3.621 
 

7.80 

 

2.29 

251.65 0.0083 

Cu2O (0.77) 4.260 188.36 0.0408 

CuO (0.35) 4.678 3.414 5.144 4.43 0.1239 

500Cu 
 

Cu2O (71.05) 4.251 
5.23 2.24 

138.76 0.0115 

CuO (28.95) 4.658 3.399 5.155 31.11 0.0135 

700Cu 
 

Cu2O (68.22) 4.270 
4.83 2.22 

133.42 0.0073 

CuO (31.78) 4.688 3.426 5.137 52.56 0.0112 
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stretching mode, attributed to adsorbed surface 

hydroxyls or residual moisture [25]. The peak at around 

2,369 cm−1 results from O-C-O stretching, probably 

caused by atmospheric CO2 adsorbing onto the oxide 

surface [26]. The dominant bands appear in the low-

wavenumber region. The absorption near 600 cm−1 is 

attributed to Cu-O stretching in CuO [4], while the band 

around 560 cm−1 corresponds to Cu(I)-O vibrations from 

Cu2O [27]. These peaks become more pronounced as the 

annealing temperature increases, indicating improved 

crystalline and phase development, which is consistent 

with the XRD results. Especially, the 700Cu sample 

exhibits intense and well-resolved Cu-O peaks, 

indicating enhanced crystallization and reduced strain. 

The finding is consistent with an increased crystallite 

size and improved lattice stability. In accordance with 

XRD analysis, the Cu(I)-O vibrations imply incomplete 

oxidation or the presence of stable Cu2O regions [28]. 

 

 

Figure 5 The FT-IR spectra of the as-annealed samples. 

 

Figure 6 shows SEM micrographs of oxidized 

copper substrates. A relationship between oxidation 

temperature and particle size is found, indicating 

temperature-driven grain growth. The 300Cu exhibits 

fine particles with uniform size distribution (below 

100 nm), as depicted in Figure 6(a). As an XRD result, 

these small grains are indicative of initial nucleation 

stages dominated by Cu2O formation on the Cu 

substrate. Due to limited diffusion and insufficient 

thermal energy, a significant fraction of CuO was 

observed. At 500 °C, the Cu substrate breaks, and 

particles grow, forming irregularly shaped particles with 

a size of around 200 - 300 nm (Figure 6(b)). This 

coarsening indicates crystallite growth and lattice strain 

relaxation, which can be described by a decrease in 

microstrain and an increase in crystallite size. Owing to 

CuO-Cu2O heterostructures forming, morphology 

represents a transitional stage with mixed oxidation 

states and improved diffusion kinetics. Figure 6(c) 

shows the morphology of the 700Cu sample with well-

faceted polyhedral grains with over 400 nm in size, 

indicating advanced thermal recrystallization. These 

larger, dense structures correspond to the lowest 

microstrain and the largest crystallite sizes, indicating 

phase equilibrium and minimal lattice distortion. 

According to FT-IR analysis, the prominent Cu-O bonds 

indicate a high structural order and phase stabilization. 

This trend of rising particle size with temperature aligns 

with Ostwald ripening behavior, where higher 

temperatures promote atom migration and crystal 

merging, lowering surface energy [23].  

Figure 7 presents the energy-dispersive X-ray 

spectroscopy (EDX) results for the 300 Cu, 500 Cu, and 

700 Cu samples, accompanied by their corresponding 

elemental mapping images. Quantitative data in Table 2 

indicate a steady increase in oxygen atomic percentage 

with higher annealing temperatures, reaching 29.44% 

for 300 Cu, 32.02% for 500 Cu, and 40.48% for 700 Cu. 

This trend confirms that oxidation levels rise with higher 

thermal treatments. For the 300Cu, the elemental 
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distribution is very uniform, with copper of 70.56 at% 

and surface oxygen 29.44 at%. This is associated with 

the XRD findings, which identify metallic Cu as the 

primary phase, with small amounts of Cu2O and CuO. 

The EDX map verifies a uniform distribution of Cu and 

O signals, suggesting that oxidation is limited to the 

surface (Figure 7(a)). By annealing at 500 °C, the 

copper signal slightly diminishes, while the oxygen 

intensity increases. The oxygen-enriched regions 

depicted in the EDX maps (Figure 7(b)) correspond to 

the formation of copper oxide (CuO) clusters, aligning 

with X-ray diffraction (XRD) results that identify mixed 

phases of Cu2O and CuO. The appearance of oxygen-

dense zones indicates the nucleation of CuO. Exceeding 

700 °C annealing temperature, similar to that of the 

500Cu, the EDX mapping (Figure 7(c)) shows even 

more distinct oxygen concentration zones, indicating 

deeper oxidation. By increasing O at%, this finding can 

be attributed to the increasing CuO phase, 

corresponding to the phase composition estimation in 

Rietveld analysis. Notably, despite the high 

temperature, the O distribution may result from 

diffusion-limited oxidation and the formation of CuO-

Cu2O layered structures. This heterogeneity is typical in 

thermally grown copper oxides, where oxygen inserts 

incompletely, particularly in bulk material substrates 

[29]. 

 

Table 2 The elemental composition analyzed by the EDX technique and energy bandgap of the as-synthesized samples. 

Samples 
Elemental composition (at%) 

Energy bandgap (eV) 
Cu O 

300Cu 70.56 ± 1.81 29.44 ± 0.85 2.60 

500Cu 67.98 ± 1.85 32.02 ± 0.92 2.69 

700Cu 59.52 ± 1.86 40.48 ± 1.08 2.55 

 

 

 

Figure 6 SEM images of (a) 300Cu, (b) 500Cu, and (c) 700Cu. 
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Figure 7 EDX analysis to determine the surface elemental distribution of Cu and O: (a) 300Cu, (b) 500Cu, and (c) 700Cu. 

 

The UV-Vis absorbance spectra demonstrate a 

declining trend in optical absorbance as the annealing 

temperature increases (Figure 8(a)). The 300Cu sample 

exhibits the highest absorbance in the UV region, 

attributed to the dominant metallic copper content. The 

absorbance decreases in the 500Cu and further in the 

700Cu, indicating improved phase purity and 

crystallinity of Cu2O and CuO. This finding reflects a 

decrease in defect-related localized states, improving 

optical transparency. Furthermore, larger crystallites 

formed at higher temperatures, which decreases strain 

and supports the stabilization of the bandgap. These 

results align with temperature-dependent optical studies 

of copper oxide [30], indicating a direct relation 

between improved structure and enhanced optical 

transparency.  

The absorption spectrum reveals the fundamental 

band structure. An analytical method approximates the 

energy bandgap (Eg) by examining the absorption 

coefficient (α) and photon energy (hv), using the Wood 

and Tauc equation (Eq. (4)) [31]. 

 

αh𝑣 = (h𝑣 − Eg)n                       (4) 

 

The variable Eg represents the energy bandgap of 

the synthesized materials, where h is Planck’s constant, 

v indicates photon frequency, and n is an integer that 

reflects the transition process. An n value of 1/2 

indicates a direct energy bandgap, consistent with a 

previous report that mentions the direct energy bandgap 

[32]. Figures 8(b) - 8(d) presents a graph of (αhv)2 

versus photon energy (hv), demonstrating that the direct 

bandgap energy (Eg) was determined by extrapolating 

the linear segment where (αhv)2 reaches zero. 

Employing Tauc’s equation, the bandgap values for 

300Cu, 500Cu, and 700Cu were 2.60, 2.69, and 2.55 eV, 

respectively. The slight increase in Eg in the 500Cu is 

attributed to the formation of CuO-Cu2O heterojunction. 

With a higher Cu2O composition, the Cu-rich 

component in the sample, compared with that of the 

composite sample, introduces Cu+/Cu2+ interconversion. 

This results from the structural distortions and 

alterations in Cu-Cu interactions that occur when the 

oxidation state changes [33].  The optical transition 

change causes the widening of Eg. Interestingly, the 

bandgap narrowing in the 700Cu indicates the 

emergence of sub-bandgap states and an increased 

contribution of the lower bandgap CuO [1,2]. This 

behavior is associated with the formation of intrinsic 

defects [34]. Thermal oxidation at temperatures of 

700°C increases oxygen diffusion, introducing localized 

states within the bandgap. The states serve as acceptor 

levels, reducing the optical bandgap. 
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Figure 8 (a) The UV-Vis absorbance spectra of as-synthesized powders and the plot of (αhυ)2 against photon energy of 

(b) 300Cu, (c) 500Cu, and (d) 700Cu. 

 

To understand the light-material interactions of 

thermally oxidized Cu samples, optical characteristics 

were calculated from UV-Vis data, as presented in 

Table 3. The energy absorbed by a substance depends 

on various factors such as the extinction coefficient, 

material composition, conductivity, and thickness 

within the absorption zone. The absorption coefficient 

(α) was derived from the skin depth (δ), calculated using 

Eq. (5) [35]. 

 

Skin depth (δ) = 1/α               (5) 

   

As depicted in Figure 9(a), the skin depth 

indicates the extent of light penetration at a low energy 

of 2 eV before diminishing to 1/e. The highest value 

observed for the 700Cu sample was 5.65. Conversely, 

the 300Cu and 500Cu samples exhibited lower skin 

depths, showing 1.51 over 300Cu and 0.09 over 500Cu. 

The 300Cu and 500Cu samples exhibit low photon 

absorption, indicating greater electromagnetic wave 

attenuation and a lower penetration depth compared to 

the other samples. Despite the 500Cu and 700Cu 

samples having similar Cu:O atomic ratios, their optical 

skin depths differ significantly. This difference is not 

only due to composition but also results from 

microstructural and phase-related factors. The 700Cu 

exhibits larger crystallite sizes and reduced microstrain, 

indicating that the improved structural order features 

diminish defect-related absorption pathways. This 

results in a lower absorption coefficient and increased 

optical penetration. In contrast, the 500Cu displays 

smaller crystallites with higher strain, introducing 

localized states that enhance light absorption and reduce 

skin depth. 

Optical density (Dopt) quantifies the reduction in 

light as it passes through a material. Higher Dopt means 

greater absorption, and lower Dopt indicates more light 

passes through. Dopt is calculated by Eq. (6) [36], where 

α is the absorption coefficient and t is the thickness (1 

cm).  

 

Dopt = αt                 (6) 

 

Optical density (Dopt), as shown in Figure 9(b), 

shows significantly higher Dopt values for 300Cu and 

500Cu, exceeding 5.0 at the energy of 4.0 eV. The Dopt 

value increased the absorbance and decreased the light 

transmittance. Whereas the 700Cu reveals the most 

insignificant value of 0.20. The expected inverse 

relationship between Dopt and       skin depth is observed, 

as higher absorbance indicates shallower penetration, 

consistent with previous findings in CuO-Cu2O [24]. 

Figures 9(c) and 9(d) show the extinction 

coefficient (k) and refractive index (n) as functions of 

wavelength for the 300Cu, 500Cu, and 700Cu samples. 

These optical constants provide more detailed insight 

into the thermal oxidation, influencing light–matter 

interactions. The extinction coefficient (k) is crucial in 

optical studies, indicating that a medium absorbs 

electromagnetic waves. The relationship between 
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photon wavelength (λ) and absorbance coefficient (α) 

affects the extinction coefficient change. As λ increases, 

the value of parameter “k” rises, leading to higher 

scattering and light absorption loss. The related equation 

is presented, as shown in Eq. (7) [37]. 

 

k = αλ/4π                               (7) 

 

The extinction coefficient shows a similar 

tendency to the absorbance study and clearly exhibits a 

variable quantity at wavelengths below 325 nm. The 

300 Cu shows the highest k value of 0.00012, indicating 

strong absorption, caused by residual metallic Cu and 

abundant defect states. The 500Cu significantly reduces 

the k value (0.00007), reflecting partial crystallization 

and CuO-Cu2O phases. The 700Cu sample, exhibiting 

the lowest k among the specimens’ spectra, with a value 

of 0.00001, is consistent with a decreased defect density. 

The linear portion was drawn to approximate edges to 

indicate the activation energy.  The 300Cu with the most 

significant energy was observed. The study 

demonstrates that increased energy excitation impacts 

various phase combinations and morphology.    

The refractive index (n) is a vital optical parameter 

that significantly influences the development of optical 

tools used to analyze polarization phenomena and the 

phase velocity of light in materials. Its value is 

determined using Eq. (8) [38]. 

 

n =  
1

𝑇𝑠
+ (

1

𝑇𝑠−1
)

1

2                (8) 

 

The refractive index (n) decreases as heating 

temperature rises, showing more than 0.50 at 300 nm for 

300Cu, 0.38 for 500Cu, and 0.13 for 700Cu. This 

declining trend indicates a decrease in dielectric 

response and light confinement as the structure 

transitions from a metal-oxide composite with higher 

defects to a more crystalline composite, which presents 

an ordered oxide framework. These patterns agree with 

the oxidation temperature, which influences optical 

constants through improvements in phase purity and 

crystallinity. In agreement with the report, thin-film 

CuO shows that well-crystallized oxide layers have 

lower k and n values, resulting in improved transparency 

[39]. This is consistent with the 700 Cu sample. The 

intermediate values at 500 °C thermal treatment support 

the heterojunction-induced optical enhancement [40]. 

This optical behavior aligns that elevated thermal 

treatment enhances transparency and reduces dielectric 

response. The relationship supports the observed phase 

and morphological transitions, emphasizing the 

controllability of optical constants through regulated 

thermal oxidation. 

 

 

Figure 9 The optical characteristics of the as-prepared powders, exhibiting in terms of (a) skin depth, (b) optical density, 

(c) extinction coefficient, and (d) refractive index. 
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Table 3 The skin depth, optical density, extinction coefficient, and refractive index of the as-synthesized samples. 

Samples 
Skin depth     

 at 2 eV 

Optical density 

at 4 eV 

Extinction 

coefficient 
Refractive index 

300Cu 1.51 >5.00 0.00012 0.50 

500Cu 0.09 >5.00 0.00007 0.38 

700Cu 5.65 0.20 0.00001 0.13 

 

Figure 10 presents the room-temperature 

photoluminescence (PL) spectra of copper-based oxide 

samples annealed at 300, 500 and 700 °C, under a 325 

nm excitation wavelength. All samples exhibit a primary 

emission band centered at approximately 658 - 660 nm 

(1.88 - 1.90 eV), attributed to the radiative 

recombination of charge carriers through defect-related 

states. The emission peak is attributed to defect states 

within the Cu2O lattice, which are introduced during the 

phase transition. These defects may include oxygen 

vacancies and copper interstitials, creating localized 

states within the bandgap that facilitate radiative 

recombination [41]. 

The 300Cu sample exhibits a significantly broader 

emission with satellite peaks at 650 and 657 nm. These 

are less prominent or absent in the higher-temperature 

samples. This indicates the recombination pathways of 

unoxidized metallic Cu, as confirmed by XRD analysis. 

Residual copper may induce localized surface plasmon 

resonance (LSPR)-like effects at the oxide-metal 

interface. These effects enhance adjacent emission 

bands by trapping charge carriers and increasing 

radiative transitions. Moreover, LSPR enhances the 

strength and number of PL peaks by coupling with 

transitions related to defects [42]. The primary emission 

at 655 - 660 nm represents typical Cu1+-O transitions in 

cuprous oxide. The additional satellite peaks could 

originate from Cu0-enhanced recombination pathways 

or from complex centers associated with Cu2+, which 

form together with oxygen vacancy states [43].  

Due to oxidation at 500 °C, enhanced crystallinity 

and diminished disorders suppress non-radiative 

recombination sites, eliminating certain radiative 

defects [44]. Thus, the satellite spectra were not 

observed in the 500Cu and 700Cu samples. 

Furthermore, the formation of CuO-Cu2O junctions may 

promote charge separation over recombination, thereby 

contributing to a further reduction in PL intensity. As a 

PL study, the 700Cu exhibits the most significant 

intensity. This can be described as an improved 

crystalline structure, which supports electron-hole 

recombination. A slight redshift in peak emission is 

observed in the 500Cu and 700Cu spectra, resulting in a 

narrowing bandgap attributed to the incorporation of 

CuO and the formation of interface states between Cu2O 

and CuO. 

   

 

Figure 10 Photoluminescence spectra of as-annealed powders. 
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Conclusions 

This study presents an investigation into the phase 

evolution, microstructural behavior, and optical 

properties of CuO-Cu2O hybrid materials produced 

through the thermal oxidation of copper plates, with 

annealing temperatures ranging from 300 to 700 °C. The 

formation of Cu2O as the primary phase and CuO as a 

minor phase was observed. Notably, at 700°C heating, 

the existence of Cu2O indicates the occurrence of 

diffusion-limited oxidation. As discussed in a prior 

study [11], the varying heating temperature below 1,000 

°C can oxidize the Cu plate to form CuO-Cu2O.   

Compared to solution-based synthesis, which often 

yields Cu/CuO/Cu2O mixtures with limited phase 

uniformity [8], the thermally oxidized hybrids show 

distinct phase separation and enhanced crystallinity. 

XRD confirmed the changes in the crystallites and 

lattice parameters with increasing oxidation 

temperature. The 700 Cu sample shows the lowest 

microstrain, the largest crystallite size, and the closest 

lattice parameters to the database values. FT-IR analysis 

of the 700Cu sample reveals the most intense Cu-O 

vibration peaks, confirming enhanced crystallization. 

UV–Vis absorption analysis revealed the variation of Eg 

with values of 2.60 eV (300Cu), 2.69 eV (500Cu), and 

2.55 eV (700Cu), attributed to phase hybridization and 

defect-state effects. The 700Cu sample exhibited the 

narrowest bandgap, the lowest optical density, and the 

most significant skin depth. These findings indicate 

superior light penetration and low photon scattering. PL 

analysis further revealed oxygen vacancies and copper 

interstitials -assisted visible emission features. These 

results demonstrate that thermal conditions affect the 

structure and optical properties of Cu-based oxides, 

which inform the future materials development for 

optoelectronic uses. 
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